A number of recent studies have shown that iron dissolution in Fe-containing dust aerosol can be linked to source material (mineral or anthropogenic), mineralogy, and iron speciation. All of these factors need to be incorporated into atmospheric chemistry models if these models are to accurately predict the impact of Fe-containing dusts into open ocean waters. In this report, we combine dissolution measurements along with spectroscopy and microscopy to focus on nanoscale size effects in the dissolution of Fe-containing minerals in low-pH environments and the importance of acid type, including HNO 3 , H 2 SO 4 , and HCl, on dissolution. All of these acids are present in the atmosphere, and dust particles have been shown to be associated with nitrate, sulfate, and/or chloride. These measurements are done under light and dark conditions so as to simulate and distinguish between daytime and nighttime atmospheric chemical processing. Both size (nano-versus micron-sized particles) and anion (nitrate, sulfate, and chloride) are found to play significant roles in the dissolution of α-FeOOH under both light and dark conditions. The current study highlights these important, yet unconsidered, factors in the atmospheric processing of iron-containing mineral dust aerosol.
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mineral dust aerosol | iron-containing dust | nanoscale iron oxides | acid dissolution | photoinduced dissolution I ron is an essential element for all biological organisms including those in marine environments. It has been suggested that 30% of the oceans are comprised with high-nutrient low-chlorophyll regions where phytoplankton primary productivity is limited by the amount of bioavailable iron (1) (2) (3) . Iron is the fourth most abundant element on the Earth's crust and is mostly found in its thermodynamic stable oxidation state, Fe(III). Fe(III) is relatively insoluble in oxic pH 8 seawater, thus limiting the inorganic concentration to 0.1 nM; any inorganic iron above this concentration will form an iron oxide solid phase (4) . Despite this limitation, ocean total iron concentrations range from 0.1-2 nM. Therefore, iron addition to surface waters from dissolved iron in Fe-containing dust deposition are thought to elevate the total amount of dissolved, and bioavailable, iron (5) .
Mineral dust aerosol , mainly desert dust and dust from volcanic eruptions, is a source of iron and has been previously thought to account for approximately 95% of the globally averaged atmospheric iron budget (6, 7) . Approximately 450 Tg of mineral dust is annually deposited into ocean waters (3, 8) . Among many different iron-containing solid phases found in mineral dust, hematite ðα-Fe 2 O 3 Þ has been thought to be the most important form for soluble iron and biological utilization (9) , and it is currently the only form of iron minerals incorporated into atmospheric chemistry models. However, a number of very recent studies indicate that this approach is far too simplistic and does not accurately reflect both the complexities of atmospheric sources of iron and/or the most important iron-mineral phases involved in dissolution. For example, Journet et al. showed that Fe-containing clays accounted for more than 90% of soluble iron (10). Cwiertny et al. proposed that iron in the form of Fe 2þ in clay minerals is a highly labile source of iron (11) . Other studies highlight the contribution from anthropogenic sources of soluble iron, mainly from combustion sources (3, 12, 13) . These combustion sources are concentrated in both industrialized and biomass burning regions and can represent up to 5-30% of the total iron deposited into ocean regions (3).
Since heterogeneous chemistry and atmospheric processing can impact the amount of soluble iron in Fe-containing dusts, the atmospheric lifetime of iron dust particles is another important factor. Atmospheric lifetimes of dust particles can vary depending on particle size from days for particles greater than 2 μm to weeks for the smaller particles (3), and, as a result, the size distribution of the aerosol changes as it is transported through the atmosphere (14) . In addition, it has been recently suggested that cloud processing can cause the formation of nanosize Fe particles (15) . Thus, size effects and small particles below 100 nm can play an important role in the atmospheric chemistry of iron-containing dust particles.
In this report, we investigate the dissolution of Fe-containing minerals under simulated atmospheric conditions. Given that iron oxyhydroxides are a major fraction of Fe-containing solid phases in mineral dust, goethite, α-FeOOH, can be used as a model to begin to understand various aspects of size effects in iron dissolution. The current study investigates the size-dependent solubility of α-FeOOH in aqueous suspensions at pH 2 to mimic a deliquescent layer and the low-pH environment of an aerosol due to the uptake of acidic gases in the atmosphere (16) . The effects of acid type (HCl, HNO 3 , and H 2 SO 4 ) and associated inorganic anion (Cl − , NO low-pH environments at pH 2. Goethite forms rod-shaped particles, and, to investigate size effects, different sized rods were synthesized. Synthesized nanorods were 75ðAE20Þ nm by 6ðAE2Þ nm with N 2 -adsorption measured surface areas of 119ðAE3Þ m 2 g −1 , whereas larger microrods were 1006ðAE55Þ nm by 25ðAE6Þ nm and with a lower surface area of 39ðAE2Þ m 2 g −1 . Dissolution of these different sized rods was investigated in low-pH environments to examine size-dependent behavior in simulated nighttime and daytime conditions. For nighttime conditions, experiments were done in the dark, whereas simulation of daytime mineral dust chemistry was accomplished through the use of a solar simulator to investigate the effect of light on iron dissolution of nanorods as compared to larger microrods.
The data presented in Fig. 1 show a comparison of total iron dissolution of nanorods versus microrods at pH 2 under dark and light conditions. These data have been normalized to both the total mass and surface area of the initial α-FeOOH in solution. The rate of iron dissolution and the production of dissolved ions are greatest initially (t < 10 hr), followed by a slower rate of change over time. In both mass normalized and surface area normalized data, and under both dark and light conditions, it can be clearly seen that nanorods dissolve faster and to a greater extent relative to microrods. Under dark conditions, the initial rate of total iron dissolution for nanorods, determined from linear regression, is 55.4ðAE4Þ μmol g −1 h −1 , whereas for microrods this is 6.1ðAE0.4Þ μmol g
is detected in these dark experiments, so the total iron is in the form of Fe(III). After normalizing to surface area differences (Fig. 1B) , there is still an enhancement in the dissolution of nanorods compared to microrods by nearly a factor of three. Fig. 1 C and D compare results for total iron dissolution of nanorods versus microrods at pH 2 in irradiated suspensions on a per mass basis and per surface area basis, respectively. The initial rate of total iron dissolution under light conditions for nanorods is 119ðAE4Þ μmol g −1 h −1 , whereas for microrods this is 15.4ðAE2.7Þ μmol g −1 h −1 . The production of dissolved Fe(II) is shown in Fig. 1 E and F on a per mass and per surface area basis, respectively, under these same conditions. As seen in Fig. 1 E and F, the Fe(II) production is greater in irradiated nanorod suspensions compared to that of microrods. Additionally, there are differences in the ratio of Fe (II) to total Fe dissolution between nanorods and microrods. The initial (t < 10 hr) Fe(II) fraction with respect to total dissolved Fe is approximately 0.50 for nanorods, but for microrods the Fe(II) fraction is only approximately 0.25. Over time, the rate changes and levels off with an Fe(II) fraction of approximately 0.7 for nanorods and approximately 0.5 for microrods.
Mechanisms for Enhanced Dissolution of Nanoscale α-FeOOH at pH 2 Under Dark and Light Conditions. In earlier studies, it has been shown that surface area normalized rates for low-pH, protonpromoted dissolution of α-FeOOH increased with decreasing particle size (18, 19) and that higher rates of iron dissolution in smaller particles partially come from their largest fraction of reactive surface planes. According to Cornell et al. (18, 19) , the nonreductive iron dissolution involves
where A − is the inorganic anion. In this proposed mechanism, acid anion primarily reacts with the surface O-H groups followed by a proton attack yielding surface protonation. This polarizes and weakens the Fe-O bond followed by bond dissociation enabling the detachment of the Fe cation that enters into the solution (10, 20) . In goethite rod-shaped particles, the end of the rods that expose (021) surface planes are more reactive as a result of coordination sites with higher concentration of surface O-H groups. Thus, the presence of more reactive sites in crystal faces, i.e., (021), with highly concentrated surface O-H groups results in enhanced reactivity. Nanorods have a greater number of exposed (021) surface planes on a per mass and per surface area basis. Similarly, in light experiments, the observed trends in the production of Fe(II) lend insights into the enhancement in the photochemical dissolution of nanoscale α-FeOOH. For these semiconductor iron oxyhydroxide particles, photoexcitation leads to the formation of electron-hole ðe − ∕h þ Þ pairs. In the absence of surface complexing organic ligands, the photoredox reaction proceeds through surface hydroxyl groups donating an electron to a photoexcited Fe(III) surface atom, resulting in surfacebound Fe(II) and subsequent detachment of Fe(II) into solution (21) . Therefore, in irradiated systems, the enhanced Fe(II) production in nanorods can also be a result of the (021) surface planes with higher density of surface O-H groups. Recent field and laboratory studies have shown that, in marine surface waters and in acidic surface waters, light-induced reduction of Fe(III) to Fe(II) is a key process and serves to increase the solubility of marine aerosol Fe (22, 23) . As such, any processes that enhance production of soluble Fe(II) are important and increase total iron dissolution. Furthermore, at longer time scales, the Fe(II) production in nanorods is considerably greater than that observed for microrods. For example, after 40 hr of light exposure, the concentration of Fe(II) for nanorods is nearly seven times larger than that of microrods. This difference is again reflected in the total iron dissolution for nanorods compared to microrods. Thus, the results of these studies clearly address size-dependent reactivity under both dark and light conditions, and dissolution of iron-containing minerals on the nanoscale. These results point specifically to the presence of a greater abundance of specific reactive surface planes that can lead to enhancements in reactivity not only on a per mass basis but on a per surface area basis, showing that these nanoscale-sized particles are inherently more reactive under both light and dark conditions. Interestingly, changes in nanorod morphology were observed upon exposure to low-pH environment. The transmission electron microscope (TEM) images of nanorods before and after the reaction with 0.01 N HNO 3 (pH 2.0) in light are shown in Fig. 2 A and B , respectively. Nanorods prior to exposure show sharp, well-defined ends characteristic of their (021) surface planes. In contrast, after completion of 46 hr in the acidic environment, particles show changes in morphology; over time, nanorods became cigar-shaped, developing narrow, rounded ends. Furthermore, analysis of the particle size distribution shows an anisotropic change in the distribution. In particular, a frequency analysis of the length and width of many particles (N ¼ 200) before and at the end of 46 hr of irradiation in acidic solution from additional TEM images besides those presented in Fig. 2 show that the length of nanorods has significantly decreased (approximately 15% on average), whereas the distribution change observed in the width of the nanorods remains the same. The change in the length distribution for nanorods is shown in Fig. 2C . Given, higher fraction of particles with smaller lengths, relative to nanorods before the reaction, clearly indicates that the proton-promoted dissolution takes place on exposed surface planes at the ends of the nanorods. The observed morphological changes support the argument that rates of dissolution are greatest on the (021) faces of α-FeOOH.
Role of Acid Type on Iron Dissolution. Another potentially important factor that has not been previously considered in the dissolution of pure iron oxide phases in the atmosphere is the impact of acid type. Under acidic conditions, the deliquescence layer on particle surfaces often contain high concentration of anions, i.e., sulfate, nitrate, and chloride (24, 25) . Therefore, not all dissolved Fe(III) is expected to be present as free ions but in fact complexed and coordinated to anions in the deliquescent layer. Some of these complexes, as well as the inorganic anions themselves, can be photoactive (26, 27) , which may play a role in the overall dissolution process for Fe mobilization in sunlight. Furthermore, these anions can coordinate to the surface in different adsorption modes and with different bond strengths to the surface; this too will impact iron dissolution. Here, the role of different atmospherically relevant acids on the generation of soluble iron and iron speciation in nanorod suspensions were investigated with three acids, HNO 3 , H 2 SO 4 , and HCl, at pH 2 under simulated nighttime and daytime atmospheric processing.
Data for total iron dissolution from the three acids studied in dark condition are shown in Fig. 3A . It can be clearly seen that NO − 3 yields the highest total dissolved Fe, whereas the lowest is in the presence of Cl − and in the case of SO 2− 4 , the total Fe dissolution is just slightly less than that of NO − 3 . In the dark, there is no detectable Fe(II) production. Comparison of the total iron dissolution for the three different acids in the presence of light is shown in Fig. 3B . As shown for HNO 3 in Fig. 1 , iron dissolution is enhanced in the presence of light for both H 2 SO 4 and HCl. According to Fig. 3B , this behavior is most pronounced for HCl, which had initial rates of total dissolved Fe that are nearly four times greater in the presence of light compared to suspensions acidified with HNO 3 and H 2 SO 4 where light induced a twofold enhancement. Fig. 3C compares the photochemical production of dissolved Fe(II) with NO − 3 , SO 2− 4 , and Cl − . As seen in Fig. 3C , dissolved Fe(II) concentrations with HNO 3 and HCl are found to be similar and significantly higher than that of H 2 SO 4 . For suspensions that were acidified with HCl, the Fe (II) to total iron ratio is one, indicating that all of the dissolved iron present in the suspension is present as Fe(II). it is approximately 0.3, and for NO − 3 this fraction is approximately 0.6. These data show that the production of Fe(II) is strongly dependent on anion type and that sulfate yields the lowest amount of Fe(II).
Mechanisms for Dissolution of α-FeOOH Under Dark and Light Conditions with Different Acids. In the absence of light, total iron dissolution for the different anions can be related to the strength and mode of anion adsorption, and the ability of the complex to be further protonated, as shown in Eq. 1. Sulfate and nitrate ions are polyatomic oxyanions that can bond to the surface in different adsorption modes, including a bidentate and bridging coordination mode which chloride is unable to form. Bridging and bidentate coordination can potentially enhance iron dissolution. As such, it is the ability of anions to form certain surface complexes that can explain the differences in total iron dissolution in the dark. The effect of inorganic anion on dissolved Fe(II) concentrations in the presence of light can be explained in part by considering the photochemistry of aqueous iron complexes at low pH. In the absence of other anions, ½FeðOH 2 Þ 6 3þ is the dominant species at pH less than 2.5, whereas the concentration of ½FeðOH 2 Þ 5 ðOHÞ 2þ is the most important chromophore at visible wavelength with a maximum concentration at approximately pH 3.5 (9) . The photoreduction of ½FeðOH 2 Þ 5 ðOHÞ 2þ is given by
In Cl − -containing suspensions, ½FeðOH 2 Þ 5 Cl 2þ and ½FeðOH 2 Þ 4 Cl 2 þ coexist at low pHs where the former is the dominant species at approximately pH 1, whereas the ½FeðOH 2 Þ 5 ðOHÞ 2þ is only present at a very low level (27) (28) (29) . Both chloride-containing iron species are photoactive in UV and visible regions of the solar spectrum. As reported by Hsu et al., ½FeðOH 2 Þ 5 Cl 2þ is photoreduced to ½FeðOH 2 Þ 6 2þ according to
The quantum yield of the photodissociation of ½FeðOH 2 Þ 5 Cl 2þ is approximately twice the value of ½FeðOH 2 Þ 5 ðOHÞ 2þ (29) , and photoreduction of ½FeðOH 2 Þ 6 3þ is not a principal source of OH • because its absorption spectrum does not significantly overlap the solar spectrum (28). Based on above facts and the data presented, it can be suggested that the formation of Fe(III)-Cl complexes would result in higher rate of Fe(II) production in suspensions with the chloride ion. Furthermore, formation of Fe-Cl complexes can result a decrease in the redox potential of Fe(III)/ Fe(II) couple and thus enhance the production of Fe(II) in these systems.
In the case of HNO 3 , NO Anion Adsorption on α-FeOOH Nanorod and Microrod Surfaces. To gain additional molecular level insights into the behavior of α-FeOOH nanorods and microrods in pH 2 solutions, attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopy was used to investigate surface adsorption of nanorods and microrods in the presence of the different acids used in this study. Adsorption of both HCl and HNO 3 from solution phase on to the nanorods gave little spectral information in the 1,000 to 4; 000 cm −1 spectral range, as expected based on the frequencies of the surface complexes, for chloride frequencies below 1; 000 cm −1 , and the strength of the interaction with the surface; nitrate forms surface complexes with weak absorption band intensities and frequencies similar to that of nitrates in solution. However, for sulfate, ATR-FTIR spectroscopy revealed distinct absorption bands with clear differences observed between sulfate adsorbed on nanorod compared to microrod surfaces. Fig. 4 shows several ATR-FTIR spectra for sulfate adsorption on both nanorods and microrods at pH 2. For comparison, a solution-phase spectrum of sulfate anion in the absence of goethite is also shown. As a free anion, sulfate has tetrahedral symmetry and belongs to the T d point group. For this symmetry, only one peak at approximately 1; 100 cm −1 is expected for the triply degenerate v 3 asymmetric stretch. However, in aqueous solutions several species can exist and the symmetry is reduced, leading to additional absorption bands in this spectral region. For sulfate adsorbed on the α-FeOOH surface, it can be seen that there is an even greater number of absorption bands present in the spectra due to a further reduction in symmetry upon surface adsorption and the presence of different surface complexes. Further inspection of these spectra shown in Fig. 4 shows distinct differences between the ATR-FTIR spectra for sulfate adsorbed on nanorods compared to microrods. For example, the absorption band at 1; 240 cm −1 clearly observed for nanorods is barely present in microrod spectra.
When sulfate adsorbs on the surface as an inner-sphere surface complex, the symmetry is lowered. In the case of a monodentate inner-sphere complex with C 3v symmetry, the ν 3 band of free sulfate anion splits into two, and the symmetric stretch, ν 1 , becomes infrared active with a band at approximately 975 cm −1 (31) . Therefore, the observed spectral bands at approximately 1,140; 1,042; and 975 cm −1 , shown in Fig. 4B , suggest formation of inner-sphere monodentate complexes of sulfate, as the major adsorbed species, with surfaces of goethite microrods. As seen in Fig. 4C , four distinct peaks can be found in the spectra collected for nanorods. Based on previous studies, sulfate can also form a bidentate binuclear (bridging) surface complex; the symmetry is further lowered to C 2v , splitting the ν 3 band into three bands between 1,050 and 1; 250 cm −1 in addition to the ν 1 band at lower wavenumbers. Therefore, the splitting indicates the presence of an inner-sphere bidentate binuclear sulfate complex on the surface of goethite nanorods. Several additional experiments (analysis of supernatant and measurements of iron sulfate standards) were carried out to investigate if there was any solution-phase contribution of dissolved ½FeðIIIÞ − SO 4 þ ; these experiments showed no contribution of ½FeðIIIÞ − SO 4 þ , indicating the assignment to adsorbed species only.
Thus it is concluded that higher absorption intensities and formation of binuclear complexes point out the presence of additional, and potentially more reactive, sites for nanorod surface, which can lead to higher dissolution rates, as observed from nanorod suspensions at pH 2. Thus, these spectroscopic results provide evidence that differentiate between the surface chemistry of nanorods compared to microrods. In addition, these results further our understanding of the role of acid anion in forming surface complexes that are unique for α-FeOOH nanorods.
Conclusions and Environment Implications
Using α-FeOOH as a proxy for a source of iron from mineral dust aerosol, several factors that effect iron dissolution in lowpH environments have been investigated. Some of the key points addressed here include the role of particle size and the mechanisms involved in the enhanced chemical activity of nanoscale iron oxides, in particular, the importance of reactive surface planes that yield enhanced concentrations of dissolved iron during simulated daytime and nighttime atmospheric processing that go beyond surface area considerations. For α-FeOOH, an important aspect is the higher density of surface O-H groups on the (021) plane that leads to both enhanced proton-promoted and photoreductive dissolution and thus greater amounts of soluble iron. To best understand the implications of size-dependent dissolution and increase the amount of soluble and bioavailable forms of iron, the dissolution at longer time scales is most important. Since atmospheric transport of mineral dust is associated with these longer time scales, dissolved iron from nanorods may be a more important long-term source of bioavailable Fe compared to larger microrods. The dominant contribution to total dissolved iron in the presence of light is dissolved Fe(II), which is produced in greater quantities for nanorods relative to microrods. Given the potential importance of heterogeneous photochemical processes on particle surfaces in the atmosphere, redox reactions that enhance the solubility of iron oxides are particularly indispensable in controlling the extent of iron dissolution and speciation in atmospheric aerosols (32, 33) .
Furthermore, these results clearly indicate that iron dissolution for nanorods in low-pH environments is greatly influenced by the nature of the acid. Once mineral dust aerosol undergoes atmospheric transport and aging in polluted environments, they contain relatively high concentration of inorganic species. In general, nitrate and sulfate tend to enhance iron dissolution in the dark relative to chloride. These results reveal that iron-containing mineral particles that become mixed with sea salt or become associated with chloride ion in some other way (e.g., heterogeneous uptake of HCl) will yield less total soluble iron in daytime and nighttime atmospheric processing, yet there will be a higher fraction of dissolved Fe(II) during daytime processing relative to the other inorganic anions. Sulfate, in comparison, shows a larger fraction of Fe(III) in irradiated systems. It is also worth noting that changing global emissions of sulfur and nitrogen oxides will influence HNO 3 and H 2 SO 4 concentrations. According to recent field studies and model predictions, it is anticipated that global SO 2 emissions are to be reduced over the next century, whereas the global NO x emission is expected to increase (34) . This will result in more nitrate adsorbed on to mineral dust particle surfaces that will influence iron mobilization from dust. Finally, in order to accurately predict bioavailable iron in acidified mineral dust aerosol plumes and marine environments, these factors that influence iron solubility will need to be included in future atmospheric chemistry models. The current study presents important information that can be further used in atmospheric chemistry models.
Materials and Methods
Source Materials. Ferric nitrate nonahydrate [FeðNO 3 Þ 3 · 9H 2 O; Sigma Aldrich; 98%], sodium bicarbonate (NaHCO 3 , Sigma Aldrich, 99.5%), and potassium hydroxide (KOH, Sigma Aldrich) were used for α-FeOOH synthesis. In iron dissolution experiments, solutions of 0.1 N (pH 1) and 0.01 N (pH 2) were prepared from concentrated HNO 3 (70.6% HNO 3 , Mallinckrodt), H 2 SO 4 (95.9% H 2 SO 4 , Mallinckrodt), and HCl (37.6% HCl, Fisher). Measurements of dissolved Fe(II) and total dissolved iron were performed with 1,10-phenanthroline (≥99%, Sigma Aldrich), hydroxylamine hydrochloride (98%, Sigma Aldrich), a buffer from ammonium acetate (98.5%, Fisher), and glacial acetic acid (99.7%, EMD).
Synthesis of Goethite. α-FeOOH nanoparticles were synthesized according to the method of Anschutz and Penn (35) as previously described (11) . Dropwise The spectra for adsorbed sulfate on nanorods and microrods are shown in B and C, respectively. Solution-phase absorptions have been subtracted from the spectra shown in B and C.
addition of NaHCO 3 to a solution of FeðNO 3 Þ · 9H 2 O results in formation of ferrihydrite nanoparticles; subsequently, these are allowed to age at pH 12 for 24 h at 90°C to yield the nanoscale goethite. Microrods were synthesized using the method of Cornell and Schwertmann reported in the literature (36) .
Goethite Characterization. Nanorods and microrods were characterized using powder x-ray diffraction Bruker D-5000 diffractometer. Surface areas were determined from a seven-point N 2 -adsorption isotherm using a Quantachrome Nova 1200 surface area analyzer. Samples for surface area analysis were evacuated overnight (approximately 12 h) at a temperature of 80°C. Nanorod and microrod dimensions were obtained from single particle analysis with TEM. Suspensions (approximately 0.2 g∕L) of nanorods and microrods were prepared in deionized water, and a single drop was applied to a TEM grid. Particle size was determined from the analysis of approximately 500 nanorods and 300 microrods. In addition, to examine how dissolution reactions change the morphology of goethite particles, samples were taken for further TEM analysis.
Dissolution Experiments. The experiments were carried out in a custom-made glass reactor using synthesized nanorods of α-FeOOH and microrods. Reactor design has been described previously (17) . These experiments were conducted in the absence and presence of a solar simulator (150 W xenon lamp, Oriel Corp). The temperature was kept constant through use of a water jacket. The experiments were performed under deoxygenated conditions, suspensions were purged with N 2 for approximately 15 min prior to irradiation, and during irradiation the headspace of the reaction vessel was purged to maintain positive N 2 pressure. The sample loading was maintained 0.2 g∕L of α-FeOOH in solutions of HNO 3 , H 2 SO 4 , and HCl at pH 2. Under these conditions, nanorod and microrod suspensions were stable, and the particles were fairly well dispersed. All dark and light experiments were conducted in triplicate with average measurements reported. Reported errors represent one standard deviation.
Analytical Methods. Ferrous iron was measured colorimetrically with 1,10-phenanthroline, which forms a complex with Fe(II) that absorbs light at 510 nm (37) . For Fe(II) analysis, 200 μL of a 5 mM 1,10-phenanthroline solution and 200 μL of an ammonium acetate buffer were added to 1 mL of sample. Total dissolved iron was determined via a similar protocol, except that 40 μL of 1.5 M hydroxylamine hydrochloride, which reduces Fe(III) to Fe(II), was added to the sample. Fe(III) concentrations were then determined by difference [Total Fe-and Fe(II)].
ATR-FTIR Spectroscopy. ATR-FTIR spectroscopy was done using a modified horizontal ATR cell (Pike Technologies, Inc.) and a Thermo Nicolet FTIR spectrometer equipped with a mercury cadmium telluride detector. The ATR crystal was coated with a hydrosol of goethite rods (approximately 1.5 mL of a 2 g∕L goethite suspension) and allowed to air-dry for 24 h. This process left behind a thin layer of goethite that uniformly coats the crystal. Solutionphase experiments were also conducted in the absence of the thin goethite layer.
